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The  argon spectral line at 8 5 2 1 . U  has been  used  in 
the  detection of the cesium  hyperfine  transition at 9192.63 mc. 
The  argon  line  was  Zeeman  split to overlap  one  hyperfine 
component of the  cesium  resonance line at 852l.A. A glass 
bulb  containing  cesium  vapor  diffusing  in a buffer  gas  was 
elluminated by the  argon  light source and the  scattered  light 
was observed.  Transitions from the  upper  ground state hyper- 
fine  sublevel to the excited state were produced,  and  the  atoms 
then  returned  by  spontaneous  emission to both  ground state sub- 
levels.  There  was  thus a pumping of atoms  out of the  upper 
hyperfine  level  and  into  the  lower one. This  depletion of the 
population of the  upper  level  caused a decrease in the  amount 
of scattered light.  Microwaves  were  then  applied to the bulb 
by a horn  antenna.  At  resonance  the  difference  in  population 
of the  hyperfine  levels was reduced  and  an  increase  in  the 
scattered  light was seen.  Shifts  in  the  resonance  frequency 
of the (4,O) --+ (3,O) line  with buffer gas pressure were ob- 
served  for He, NZ, Ne, Ar  and Kr, the smallest  being -200 
cycles/mm  for  argon and +580 cycles/mm  for Ne1. An upper 
limit of 10 cycles/cm of argon was found for  the  expected 
pressure -dependant  line  breadth  caused by cesium-argon 
collisions.  The  microwave  frequencies were obtained from 
an  Atomichron by feeding in  an  accurately known variable 
frequency at the 6.315920 mc  stage  in the synthesizer.  The 
basic 5 mc  frequency  for the multiplication  chain was sup- 
plied by the 5 mc  output  from  another  Atomichron which was 
operating  normally. 

* This work was performed at the U. S. Naval Research 
Labaratory,  using  the unique precision  frequency  facilities 
of the  Radio  Techniques  Branch. 

1 Similar  results have  been  obtained by M. Arditi  and T. R. 
Carver. 
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OPTICAL DET!XTICIN OF THE CESIlL4 HYPEPW3.E TRP,?JSITIQSJ 

Peter L. Tender  and Brl C.  Beaty,  National Bureau of Standards 

and. 

Andrew R. Chi. U. S. Naval Research  Laboratory 

The use of op t i ca l  methods t o   o r i e n t  atoms was EuqTested i n  l 9 Q  by 

A .  Kast ler  and later,   indepentently,   by R. H. Dicke.  Since  then  the term 

"cp t i ca l  pumping" has come t o  be  appl ied  to  any process i n  which op t i ca l  

resonance  radiation  of  selected  polarization,  direction,  and/or  wavelength 

i s  used t o  prod.uce d i f fe rences   in   popula t ion  between t h e   m a g e t i c  o r  hypr -  

f i n e  sublevels of a given  atomic  level, Changes i n  the population of t h e  

sublevels  can  be  detected  optically by  observing  the  result in?  chaqes i n  

polar iz .a t ion   o r   in tens i ty  o f  t he   s ca t t e r ed   o r  transmitted l i s h t .  

1 

The observation of mr row  hype r fhe   abso rp t ion   l i nes   i n  aUca-li  metal 

vspors w a s  made possible by a method proposed by Dicke2 for  rec 'ucirg  the 

doppler  width. I t  was pointed  out  that  i f  t he  atoms were r e s t r i c t e d  by 

co l l i s ions  w i t h  a huf fer  %as o r  w i th  the   wal l s  o f  the  apparatus so  t h z t   t h e  

averaze  displacement  during  the  time  necessary  for the t r ans i t i on  w 8 s  nuch 

less tham f o r   f r e e  atoms, the  dop?ler wid th  should be much smaller also. 

The collisiclns must not, of course,   chanze  the  internal   s ta te  of  t he  atom 

appreci2.bly,  and it i s  t h e   f i n i t e  amount of d i sor ien ta t ion   e .c tua l ly   t ak iw 

place which limits the  narrotrness of the  l ines  that   can  be  obtained. 

About a year ago hyperf ine  absorpt ion  l ines   as  narrow a s  70 cycles a t  

683!1 rne!y!.cycles were reported  by  Carver3 f o r  rubidium-87 i n  an argon buffer 

p s .  The resonance F%S 6etected  by microvz\-e power absorpti.Cn  and o p t i c a l  
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pumpin5 was used  only to   increase   the   popula t ion   d i f fe rence  between t h e  

l eve l s  and  thus  the  signal-to-noise  ratio.  Optical  detection of t h e  field- 

independent component of a hype r f ine   t r ans i t i on   i n  a vapor was first 

achieved by L r d i t i  and  Carver4,  and  soon the rea f t e r  by Bell and Bloom 

Sodium was used  and the  or iginal   l inewidths  were 100 cycles   or  so a t  

1771 mc, Nore recently,  the  field-independent  transition i n  cesium a t  

9192 nc.  has  been  observed op t i ca l ly  by A r d i t i  and by us7 with somewhat 

different   pumpix methods. !.l1 of the  above optical  detection  experiments 

f a l l  under  the  headirq  of what we might c a l l  "hyperfine pumpin%rt . 

5 

6 

FiS. 1 gives   the  energy  level  diagam f o r  cesium. The excited s t a t e  

hyper f ine   sp l i t t iqys   a re  much srnaller  than  that  for  the ground s t a t e  and 

will be ignored. By hyperfine pumping we mean any scheme which uses 

d i f f e r e n c e s   i n   i n t e n s i t y  of the  hyperfine components  of t h e   o p t i c a l   l i n e s  

t o  pmp atoms  out  of one ?round s ta te   hyperf ine  sublevel  and i n t o   t h e  

other.  Atoms from one hyperf ine  sublevel   are   ra ised  to  the exc i t e6   s t a t e  

more frecuently  than  those  from.the  other, and i f  t h e   t r a n s i t i o n   p r o b a b i l i t i e s  

back t o   t h e  two q ~ ~ ~ n c l  state   sublevels   a . re   near ly   ecual ,  one ge ts  a resu l t ing  

difference  in   populat ion o f  the %round s ta te   sublevels .  The amount of  

l igh t   sca t te red   o r   t ransmi t ted   can   be   use+ t o  monitor  the  difference  in 

level  populations,  since the absorpt ion  coeff ic ient  w i l l  be d i f f e r e n t  for 

atoms i n   t h e  two sublevels i f  t he   hype r f ine   op t i ca l   l i ne   i n t ens i t i e s  are 

different .  If microwaves  of the   r igh t   f requency   to  produce the  hyperfine 

t ransi t ions  are   then  introduced,  one can  observe a chanye i n   t h e   s c a t t e r &  

o r  t ransmit ted  l ight   intensi ty .  
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be  swept  throush  resonance i n  very  f ine  s teps  and the  l ine  shape  obtained. 

The r?to17richrons, synthesizer,  arid other  frequency  measuring equipment  were 

provided by t h e  NRL Radio  Techniques Branch. 

I n  Fiig. 3 one of t he   ea r l i e r  l ines  obtained i s  shown. 30 mm. of 

heliurn was used a s   t he   bu f fe r  gas and some powr  broadeniqq  occured. The 

signa.1-to-noise r a t i o   f o r   t h i s   l i n e  was not good, although  part  of  the 

apparent   i r regular i ty  i s  due to   t he   f ac t   t ha t   t he   syn thes i ze r   f r equency  

was swept i n   d i sc re t e   s t eps ,  and d u r i r g  switching a t  the end of  a d i a d  t h e  

frequency was momentarily  considerabl? o f f .  Xore recent ly  we have  achieved 

l inewidths of about 40 cycles, or  Q ' s  of  over 200,000,000, with  voltage 

s igna l - to -no i se   r a t io s   o f   abu t  400. n e t t e r   o p t i c a l   f i l t e r i n g  of t h e   l i g h t  

source  should  provide a fur ther   reduct ion i n  noise. 

In   the  near   future  we a r e  also plmning to try another form o f  hyperfine 

pumpins which should  be  very  efficient  for  observing  the rubidi.2-87 hy-per- 

f ine  t ransi t ion.   This  method, which has been  suggested  independently by 

Carver  and  Alley i n  a somewia t d i f f e ren t  f om, cons is t s  of using a rubidium-8S 

f i l t e r  i n  f ron t  of  t h e   r u b i d i u r d 3 7   c e l l   t o   g e t   t h e   d e s i r e d   d i f f e r e n c e   i n  

i n t e n s i t y  of the  hyperfine components. The i s o t o p e   s h i f t  i s  su f f i c i en t  s o  

t h a t  one of the  rubidiwn-87  l ines i s  nuch closer   to   the  corresponding 

rubidium-85 l i n e  t h a n  the  other one,  and thus  a large  difference i n  in t ens i ty  

of the  transmitted  hyperfine components  can be  produced with l i t t l e  loss 

of l igh t   in tens i ty .  It i s  hoped t h a t  I.la.ser acuon  with  rubidium-87 w i i 1  be 

possible with t h i s  method 

8 

9 

Yith   the   sys ten   as   descr ibed  w e  have  nade  measurements of the  frequency 

and  width of the observed l i n e   a s  a function of the buffer gas chr.sen, of 

the  pressure of the   buf fer  zas, an6  of  the  temperature of  the  bulb.  The 
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frequency shifts have  been  neasured also by A r d i t i  and will be described 

by him i n  mwe detclil. O u r  results were +1050, +89O, +sEO,  -1510, and 

-1308 cycles  per :nine of buf fer   gas   for  helium,  nitrogen, neon, argon, and 

krypton. The main l imi ta t ions  i n  accuracy  for  helium, neon, and  argon came 

f rom  uncer ta in t ies   in  the pressures  of  the bulbs. 500 milliliter bulbs were 

generally  used and no allowance has been mde for   absorpt ion by the walls,  

.- h 75 per  cent  argon, 25 per  cent neon mixture gave very small s h i f t s   a t  

roon temperature,  but the res idua l  shift was found to   be  qui te   temperature  

dependent,  the  coefficient  beiqs  about 5 cycles  per  degree  per cm. of buffer  

gas mixture. This indicated a d i f f e r e n t   f r a c t i o n a l  change i n  s h i f t  with 

tenrperature f o r   t h e  two gases. A check of the  temperature dependence f o r  

heliun, neon, and  argon  gave  roughly +l5 cyles/cm/deg, +l cycle/cm/d.eg, ard 

-7 cyles/cm/deg. The smallness of the  temperature  coefficient f o r  neon 

i s  qui te   s t r ik ing .  

Line w i d t h  measurements  gave considerably  narrower  lines f o r  neon and 

helium  than f o r  argon.  tlith neon the  width a t  half power ms 40 cyclas  from 

1 cm t o  10 cm, and about  twice this width a t  3mn and 9 cm with xuch lJe2.ker 

signals.  For helium40 cyc le  linewidths were  found a t  1 and 3 cm, For 

neon the  calculated  reduced  doppler  width a t  3 n m  was about 50 cycles,  xhile 

the  extra  width a t  50 cm is consis tant  trith a ccnt r ibu t ion   f ron   buf fer  2as 

co l l i s ions  of one t o  two cycles/cm. Tne line width f o r  Zrson, however, 

appears t o  be about 1 2 0  cycles a t  1 cn  and 4 cm, and then t o  s t a r t   s o i q q  

up a t  z.bout 15 cm, Light  intensity,  maynetic  field  inhoxoyeniety,  and 

cesium-cesium c o l l i s i o n s  do not  aFpear t o  be respo..lsible fo r   t he   r e s idua l  

linewidth, but shor t   t e rn   f l uc tua t ions   i n  the frequency  could  contribute. 

The l i n e s  observed were Lorentz  shaped. 

The value  for  kry-pton quoted i n  Rcference 7 i s  incorrect .  
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?Le have a l s o  made measurements  of t he  Zeeman t r a n s i t i o n s   i n   t h e  

ea r th ' s  magnetic f i e ld .  These a r e   t h e  f i e l d  dependent L F = 0, ~1 14 = 1 

t m n s i t i o n s  shown i n  Fig. 4. To S e t  away from s t ray   f ie ld   d i s turbances  

we took  the  apparstus  t o  the  Fredericksburs Aap,netic Observatory i n  

Fredericksburg,  Virp,inia. The  work there  m s  done i n  colla.boration  with 

!,fr. Thomas L. Skillman of the  Coast and Feodetic  Survey and included  an 

absolute  measurement of the  earth's  magnetic field''.  The  method. introduced 

by  nehmelt of t ransmission  nonibr ing with c i r c u l a r l y   p o l a r i z e d   l i s h t  

t :?~ used.  Linercid-ths a t  half  power of l e s s   t han  20 cycles  were  observec? 

f o r  rubidium and cesium a t  pres,cures of a few cm. of  argon o r  neon. For 

rubidium87 it was poss ib le  t o  reso1s.e the second o rde r  s p l i t t i n g s  which 

a r e  about 46 cycles i n  the ear th ' s   f ie ld ,   a l though  the  2 - +> 1 trans i t i on  

was much stronger  than  the oLhers. ikasuremnta  of  l inewidths t higher 

buffer  . ?as .. Dressures pve   resu l t s   cons is ten t   wi th   those   ob ta ined  f o r  the 

hyperf ine  t ransi t ion.  I n  par t icu lar ,  f o r  cesium we found c? c o l l i s i o n a l  

contr ibut ion  to   the  l iner l r is th   of   about   cycles/cm  at   half   vol tage f o r  arson 

~ l n 6  a f ec to r  3 o r  s o  l e s s   f o r  neon. Ileasurements of t h e  s igna l  c'ecay time 

after  reversin?  the  magnetic f i e l d ,  a s  desFibed by Dehqelt- , were a l s o  

cerr ied  out   for   cesiuq  in   argon,  and t h e  measured time was found t o  be ?-bout 

a fzctor  5 longer  than would corresponc'  to  the  observed  linewidthS.  This 

i n d i c a t e s   t h a t  t'le nost   important  transit ions i n  "he relaxat ion  process   are  

ones  for which the  chan5e i n  I.; i s  small. The reason f o r   t h e   r e s i d u a l  

l inewieth a t  l o w  buffer gas pressures f o r  the  yeeman t r ans i t i ons  is not 

known. 

11,12 

l1 
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From our  r e s u l t s  s o  f a r  it has becone c l e a r   t h a t  one can  obtain a 

3 of 200,000,000 f o r  the  hyperf ine  t ransi t ion i n  cesium  and s t i l l  have 

an  excellent  signal-to-noise  ratio and no tempera.ture s h i f t .  ??:'all absorption 

effects  could  cause  undesired d r i f t s ,  but none have  been  seen yet. It  i s  

hoped that   nethods such a.s the  use of  buffered  walls, which has been discussed 

by Robinson, Ensberg and Dehmelt i n   t h e   f u t u r e  will 1ea.d t o  s t i l l  

narrower l ines   th3 t   a re   ob ta ined  with a buff   er  gas. However, it is of i n t e r e s t  

t h a t  we a r e   i n  a pos i t i on   r i zh t  now t o  ge t   p rec is ions   be t te r   than  1 part i n  

10 mer extended  periods  nth sinple  apparatus.  This should nlake possible 

intriguinu  experiments such as usirg a Ficke type c l o c k   i n  a s a t e l l i t e  t o  

10 

check on the  expected s h i f t  i n   r a t e  of a clock i n  a r e % j o n  of d i f f e ren t  

an6 t o  :.:re H. F. FTastin3s and the  members o f  h i s  :roup fo r   t he i r   ex t ens ive  

aid  with the experiments. ''e muld  a l s o  l i k e  to thank the U. S. Coast  and 

with the experiments. This  work was c ' i rect ly  s t imu la . t ed  by the  experiments 

of H. Cr. F e h e l t  and of l'. 9. C,arver, and we have  benefittecl  yreatly froin 

?iscussions xit h them. 
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CESIUM ENERGY LEVEL DIAGRAM 
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- Cesium Hyperfine  Absorption with Buffer Gas-- 
30mm Hg of Helium 
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